Different from the rigid separation of biological tissue by scalpel, medical waterjet technology utilizes the impact kinetic energy of high-speed waterjet to instantly destroy the surface of biological tissue to achieve better clinical separation effect. Since the gelatin samples are transparent biomaterials, they were taken as the only substitute for soft tissue in experimental studies and observation in the current studies of medical waterjet separation technology, but the mechanical behavioural difference between the two has not been reported. To verify the adaptability of gelatin as a substitute of soft tissue under the impact of high-speed waterjet. Firstly, the dynamic process of impact was described through the energy balance equation. Then, based on the principle of altering a single variable, the difference of damage depth between 8 wt. %, 10 wt. %, and 12 wt. % gelatin samples and porcine liver tissue under various impact pressure, impact distance, and waterjet speed of motion (as opposed to flow velocity) was compared. The results show that the gelatin sample replicates the damage behaviour of porcine liver samples under the specific waterjet impact conditions, and the direction of the waterjet hydraulic power optimisation of the two materials is also consistent: however, due to the different sampling sites and anisotropy of porcine liver samples, the mechanical response of soft tissue under high-speed waterjet impact cannot be fully expressed by gelatin samples. The experimental results can provide support for the further study of medical waterjet separation technology.
I. INTRODUCTION
Medical waterjet separation technology uses a very fine highspeed waterjet to impact the biological tissue, so that the biological tissue is deformed in an instant to achieve the separation effect: the transient impact of the waterjet prevents damage to biological tissue that does not need to be separated and maintains a clear field of vision within the surgical area. Compared to using a scalpel, medical waterjet separation technology provides significant advantages such as a smooth incision and less bleeding during surgery. Clinical practice The associate editor coordinating the review of this manuscript and approving it for publication was György Eigner .
shows that there are differences in the separation pressure of different tissues. It is indicated that studying the medical adaptability of high-speed waterjet to improve the protection afforded to specific tissues is an important development in medical waterjet separation technology in the future, therefore, analysis of medical waterjet separation mechanism and adaptive regulation strategy is important for development of the precise application of medical waterjet technology to improve post-surgery outcomes. Among them, experimental observation is an essential part of the soft tissue separation process. The flow of water during medical waterjet separation creates obstacles to the measurement of the force between the waterjet and the soft tissue, so behavioural observation VOLUME 7, 2019 This work is licensed under a Creative Commons Attribution 4.0 License. For more information, see http://creativecommons.org/licenses/by/4.0/ of soft tissue under high-speed waterjet impact becomes critical.
Due to the availability of materials, ease of preparation, and ethical significance, gelatin is increasingly replacing natural biological tissues for research applications [1] , [2] in medical engineering, including forensic and military wound profiling, projectile damage simulation [3] , [4] , as medical phantom materials in imaging [5] , [6] , tissue regeneration materials [7] , [8] , and tissue substitutes in surgical simulations [9] ; however, previous research has focused on the damage behaviour of gelatin under high-speed rigid impact. The impact velocity of a high-speed waterjet exceeds that under rigid separation, and the functional characteristics thereof are unclear. The adaptability of gelatin as a substitute under the impact of a high-speed waterjet needs to be verified.
In recent years, since the gelatin samples are transparent biomaterials, gelatin has been used in the research of medical waterjet separation technology to replace biological soft tissue for experiments and dynamic observations. Bahls et al. planned the optimal path for surgical robot operations based on 10 wt.% gelatin damage depth at a speed of 5 mm/s [10]; Seto et al. observed crack growth trends in 20 wt.% gelatin under high-speed waterjet impact, and compared the effects of different outlet diameters and piezoelectric drive frequencies on gelatin destruction efficiency [11] . Due to the differences in the material properties of different concentrations of gelatin samples, to clarify the behaviour difference between bio-soft tissue and gelatin under high-speed water-jet impact, and validate the feasibility of gelatin as an alternative material, will help to improve waterjet separation technology. To solve the above problems, this study starts with water hammer theory and energy analysis under a high-speed waterjet impinging on soft tissue, indicating that the differences in fluid dynamics, mode of operation, and target will affect the separation effect. Furthermore, to match clinical operating conditions, the impact distance, waterjet travel, and waterjet impact pressure were set as variables.
II. WATERJET IMPACT A. WATER HAMMER
For the waterjet impact on a solid material, the instantaneous impact of the waterjet on a solid surface includes water hammer pressure and stagnation pressure [12] , [13] .
As shown in Figure 1 , the impact of a free waterjet on soft tissue is divided into the following stages: at t = 0, the highspeed waterjet tip contacts the soft tissue surface; from t to t 1 , the shock wave is formed at the contact point and propagates in the water and soft tissue at different speeds, the pressurized water medium is densely populated in the waterjet tip, and the soft tissue is elastically deformed; from t 1 to t 2 , the waterjet stream continues to impact the soft tissue surface to form a new shock wave, because the velocity of the shock wave is much higher than the velocity of the waterjet, the water hammer pressure generated by the impact at its centre is disturbed by the shock wave until the waterjet tip is in complete contact with soft tissue; at t > t 3 the waterjet impact will form a stable Bernoulli stagnation pressure from the dynamic pressure of the waterjet, and the waterjet centre-pressure is significantly reduced. Experimental studies have shown that the water hammer pressure has a short duration of action, on the order of nanoseconds [14] , [15] .
The following simplifications and assumptions are made for the above physical processes: (1) a uniform cylinder with the waterjet centred symmetrically; (2) when the waterjet contacts the soft tissue, the radial change at the waterjet tip is centre-symmetric; (3) the effects of gravity and friction are not considered.
It is assumed that at t = 0, the waterjet strikes the soft tissue surface with v n . After a short period of time t, the surface of the soft tissue is deformed, and the absolute velocity of the waterjet and soft tissue on both sides of the contact surface becomes v n +v w and v t , respectively, and the absolute speeds of the two are equal at the contact point, namely:
Since momentum is conserved before and after impact:
where, F w and F t are respectively the force exerted by water and soft tissue on the contact surface. ρ w and ρ t represent density of water and soft tissue respectively; A is the area of the contact surface between the two; c w and c t are respectively the propagation velocity of the shock wave in water and soft tissue.
The force exerted on the fluid and soft tissue at the contact point is the reciprocal force, namely F w = F t , then
Combining equations (1) and (4) into (2) and (3) gives:
Therefore, the water hammer pressure P h is given by
When the shock wave propagates to the waterjet boundary, the water hammer pressure vanishes, and this time of action can be calculated by using the distance and velocity. After the water hammer pressure vanishes and the waterjet force is stabilised, the stagnation pressure P s at the centre of the waterjet is its axial dynamic pressure, that is,
The waterjet continuously strikes the surface of the soft tissue, and the surface of the soft tissue is deformed until soft tissue destruction begins. The soft tissue begins to break and the cracks therein continue to grow under the action of the fluid. According to the energy balance relationship [16] , the kinetic energy and potential energy of the fluid are converted into the energy required for the formation of soft tissue cracks, stored elastic strain energy, and that stored under inelastic strain [17] .
where E represents fluid kinetic energy and potential energy changes, W f is the work done by the waterjet striking the soft tissue to form a slit, W v is the inelastic strain energy dissipated during the impacting process due to viscoelastic deformation, stress relaxation, creeping and micro-cracking, W e is the elastic strain energy stored in the deformed zone. Within unit time dt, the new waterjet carries kinetic and gravitational potential energy to impact soft tissue, namely E = 1 2dmv 2 n + dmgv n dt (9) where dm is the increase in fluid mass per unit time dt, v n refers to the velocity of the waterjet, and g is the acceleration due to gravity, thus:
where ρ w is the density of the water and R is the radius of the waterjet stream. Furthermore, in unit time dt, Equation (8) can be written as
where J is the resistance to fracture or fracture toughness of the soft tissue, dA represents the newly created crack surface area, d and d denote the changes in the inelastic storage energy and elastic strain energy of soft tissue in time dt, respectively. Therefore, the high-speed waterjet impact gelatin model based on energy conservation is expressed as: It can be seen that the fluid dynamics and shape of the waterjet as well as the object material properties affect the entire impact process. Identifying the main influencing factors and analysing their relationship with separation and destruction effects will provide a basis for further optimising the dynamic parameters of the waterjet and corresponding application methods.
There is a strong non-linear coupling relationship between the above parameters. It is difficult to clarify the influence of one variable on another under reasonable assumptions. On the other hand, the viscoelastic and anisotropic characteristics of soft tissue also make the model assumptions overly idealised, resulting in large deviations in static results under theoretical analysis. Therefore, the current research on medical waterjet relies only on experimental methods to analyse the correlation between some influencing factors, while the target of these studies is a single gelatin sample, which often does not reflect the difference between it and the actual soft tissue under high-speed waterjet impact. To complete this research, the following experiment compares intra-gelatin variations and inter-specimen differences between gelatin and soft tissue.
III. MATERIALS AND METHODS
To analyse the destruction behaviour difference between gelatin and porcine liver under high-speed waterjet, gelatin concentration, impact distance, waterjet speed, and waterjet impact pressure are taken as variables of this study. Based on the principle of changing only a single variable, combined with the scope of operation space in clinical application, the range of each factor can be determined ( Table 1 ). The range of gelatin concentration and impact pressure is taken from previously reported studies [10] , [11] , [14] , considering that the fracture toughness of porcine liver in all biological soft tissues is relatively small, this study will set the gelatin concentration range from 8 wt.% to 12 wt.%. The waterjet impact distance and speed were determined according to the scope of clinical practice.
A. EQUIPMENT Figure 2 shows a waterjet pump in which the linear motor drives the double-acting cylinders. The primary drive of the linear motor can reciprocate on the secondary, which provides tracks for the primary and its connecting parts. The linear motor is a DICI ZKK1-L514-FS2204 model, the driver is a Servotronix CDHD-0062AAP1, and the grating ruler (model RSF MS15.X4MK) feeds back displacement signals to the driver to realise a closed-loop, with a closed-loop resolution of 0.1 µm, an error of 0.5%, and a repeatability of ± 1 µm. The plungers are fixed, and the piston reciprocates by the primary drive of the linear motor discharging or absorbing the liquid in the left and right chambers, thereby forming a continuous waterjet. The solid and dashed lines in Figure 2 are the two extreme positions of the piston and the primary drive of the linear motor. Such a structure can ensure the continuous absorption and discharge of the waterjet pump.
The waterjet pump and the nozzle are connected through a pipeline, and the outlet diameter of the nozzle is 0.2 mm. The linear motor drive velocity of the waterjet pump is controlled by a closed loop. The different speeds of the pistons cause differences in the outlet pressure of the waterjet pump. The relationship between the outlet pressure and linear motor driving velocity is shown in Figure 3 , a non-linear positive correlation between the two was measured. To achieve the single adjustment of the above indicators, a test bench was designed and installed as shown in Figure 4 . The stage is driven by a screw-nut, and moves at a constant speed with a sample, and the moving distance and speed are adjusted by the stepping motor controller. The scale is marked on the slipways, so the impact distance and the impact start position are adjusted by the fixing bolt and slipway, respectively. The pressure sensor is installed between the nozzle and the pipeline. In this study, the pressure measured by the pressure sensor is defined as the impact pressure, the distance between the nozzle outlet and the upper surface of the specimen is defined as the impact distance, and the speed of the stage is defined as the speed of waterjet motion.
B. SAMPLE PREPARATION
The concentration of gelatin samples in this study ranged from 8 wt. % to 12 wt. % in 2 wt. % increments. The pig skin-extract Sigama48722 gelatin powder was dissolved in distilled water and stirred at a constant temperature (50 • C) for 1 hour. After the bubbles disappeared, it was poured into a mould and solidified at a constant temperature of 6 • C for 24 hours. Thus, a block-shaped sample with a length of 60 mm, width of 60 mm, and thickness of 20 mm was formed for testing. Three porcine livers from three female, 6-month-old pigs were obtained from a slaughterhouse within two hours post mortem; samples of the same size as the gelatin samples were prepared. This procedure was performed by Xuzhou Medical University staff authorised by the Science & Technology Department of Jiangsu, China, using authorised methods and in accordance with University Ethics Committee approval. Careful attention was paid to the orientation of the tissue samples. The samples were extracted perpendicular to the top surface of the livers and tested by the waterjet in that direction. The liver outer layer of membrane (capsule) was removed. Samples with large blood vessels or obvious pores were discarded in the experiments, so that only the properties of the tissue in the regions that were largely homogeneous were tested. Since the required sample thickness is larger than the thickness of certain sections of the liver, the sampling positions on the porcine liver are relatively concentrated.
C. MEASUREMENT METHODS
The nozzle is first fixed vertically on the junction plate of the transverse slipway and the sample is centred on the stage. The relative positions of the two slipways are then adjusted by the rotary gears such that the nozzle outlets are directly above the point of initial impact on the sample and meet the impact distance requirements. During the test, the stepping motors of the test bench and the waterjet pump are started at the same time, and then the sample moves with the stage. In terms of relative motion, the waterjet impact samples from one side to another. To minimise the deviation of the results caused by the difference in the sampling site of the porcine liver sample, the same parameter was measured three times on the same sample. After each impact test, the length of the fracture was measured. As shown in Figure 5 , after the sample was cut three times at equal intervals on the test bench, three slits were formed on the surface, then the sample was cut, perpendicular to the crack direction along three equidistant cutting lines, using a scalpel, and the impact damage vertical depths at these three sections were measured using a dividing rule. In this way, each vertical damage depth data of a sample was averaged from nine data points.
D. STATISTICAL ANALYSIS METHODS

For tests between gelatin samples of different concentrations and porcine liver samples, the one-sample
Kolmogorov-Smirnov test and Levene's test (absolute) were used to test for normality and equal variance, respectively. One way ANOVA analysis with the Tukey test was performed for all pairwise multiple comparisons with equal variance. Significance was determined by a p-value of 0.05 or less. If there are any groups with unequal variance, a Kruskal-Wallis H-test with a post-hoc Tukey-Kramer test with significance set at p < 0.05 was performed. Figure 6 illustrates the impact results of each sample at a 5 mm impact distance, comparing the damage depth of gelatin and porcine liver samples, and their relationship to various factors. Destruction depth of gelatin and porcine liver under high-speed waterjet impact is positively correlated with the impact pressure and negatively correlated with waterjet speed: the lower the gelatin concentration, the greater the damage depth under the same impact conditions. When the waterjet impact pressure is increased from 2.9 MPa to 3.6 MPa, the damage depth in porcine liver is significantly increased, while the damage depth in gelatin samples increases less. Figure 7 shows the impact results of each sample at a 7 mm impact distance. The difference in damage depth between gelatin and porcine liver samples at three waterjet speeds was described. The results show that the damage depth of gelatin and porcine liver increases with the increase of the impact pressure, and decreases with increasing speed. When the speed is increased from 1 mm/s to 2 mm/s, the reduction damage depth of the gelatin and porcine liver samples is greater than that from 2 mm/s to 3 mm/s. The average depth and ranges of the damage depth in porcine liver and the trend therein are closer to that in the 10 wt. % gelatin sample at the same impact distance. Figure 8 demonstrates the impact results of each sample at an impact distance of 9 mm, and describes the relationship between the impact pressure and the impact damage depth of each sample at different waterjet speeds. At all three speeds, the depth of impact damage of porcine liver is greater than that at all concentrations of gelatin: at this impact distance, the average damage depth in porcine liver is closer to that in 8 wt. % gelatin samples, but the trend of impact damage depth in porcine liver with impact pressure is consistent with that of 10 wt. % gelatin samples, especially when the waterjet is moving at 2 mm/s or 3 mm/s.
IV. RESULTS
V. DISCUSSION
In fact, the material mechanical response characteristics of soft tissue samples are often different due to location, age, and gender differences. These conclusions have been reported elsewhere [19] , [20] : this means that under the same waterjet impact conditions, the damage depth distribution of porcine liver samples may be wider. In this study, the damage depths of samples under each impact condition were averaged from nine data points, and the upper and lower limits were marked, making the results statistically significant. At the same time, the trend and numerical distribution of damage depth between porcine liver samples and gelatin samples with different concentrations can statistically reflect the adaptability of gelatin to replace soft tissue under high-speed waterjet. In addition, the damage depths under different impact conditions were mutually verified, so that the comparison between each group of data points is also statistically significant. The statistical analysis results show that all the p values between the gelatin groups and the porcine liver groups are less than 0.05 when the impact distance is 5 mm or 7 mm, so there are no significant differences. The comparison of the data in Figures 6 to 8 indicates that due to the difference in fracture toughness, the impact depths of samples of different materials under high-speed waterjet impact are different. The higher the gelatin concentration, the greater the fracture toughness and the smaller the impact damage depth under the same impact conditions. Although the response trend of gelatin samples under waterjet impact is consistent with that of porcine liver samples, it can be seen that the mechanical response of gelatin is more similar to soft tissue obviating the need for it to be replaced by changing the configuration method of gelatin samples including the concentration thereon.
The separation efficiency trend of most of the porcine liver samples in the results shows that, within a certain range of impact pressures, the increase of pressure accelerates the separation of the sample. This suggests that adjusting the impact pressure can improve the separation efficiency of soft tissue. Each soft tissue corresponds to a sensitive pressure interval, and the separation and destruction efficiency in this interval is significantly accelerated with the increase of pressure, which is the key reason for the selective separation characteristics of medical waterjet separation technology.
The damage depth of the gelatin samples decreases with increasing impact distance under the same impact conditions. When the impact distance is 5 mm and the waterjet is moving at 1 mm/s, the average damage depth of gelatin is the largest; when the impact distance is 9 mm and the waterjet is moving at 3 mm/s, the average damage depth of gelatin is the smallest. For the porcine liver samples, the average impact damage depth is reduced when the impact distance is increased from 5 mm to 7 mm at each waterjet speed, and the average impact damage depth is increased when the impact distance is increased from 7 mm to 9 mm. The average damage depth of the gelatin samples at an impact distance of 5 mm is the greatest, while the average depth of damage in porcine liver samples is the largest at an impact distance of 9 mm. In the statistical test with the results of the porcine liver group, all groups had standard normal distributions, the variances were equal, and a one-way ANOVA with a post-hoc Tukey-Kramer test was performed with significance set at p < 0.05. While for the 12 wt. % gelatin samples, the statistical p values are all less than 0.05 at each waterjet moving speed (p = 0.012 of 1mm/s, p = 0.021 of 2mm/s, p = 0.031 of 3mm/s), for the 10 wt. % gelatin samples, the p is 0.038 under the impact condition that the waterjet moving speed is 1mm/s. There were statistically significant differences between the gelatin groups and the porcine liver groups under these conditions. The reason was shown in Figure 9 , during the highspeed waterjet impact process, the liver tissue undergoes deformation opposite to the impact direction. This bulging deformation covers the impact distance at the initial state, and even causes the tissue surface to make contact with the nozzle outlet, which results in the observed waterjet fluid hydraulic dynamics changing. The larger deformation of the surface of the porcine liver sample, which results in a large gap between the actual impact distance and the designed impact distance. When the impact distance is adjusted to 9 mm, the deformation of the porcine liver samples cannot completely cover this distance, and the waterjet flows in air before reaching the surface of the tissue samples.
Whether using gelatin samples or porcine liver samples, an increase in waterjet travel speed results in a decrease in the average damage depth; however, the proportional increase in speed does not lead to an inversely proportional reduction in the corresponding damage depth. For example, the average damage depth when moving at 2 mm/s is greater than half of the average damage depth at 1 mm/s; the average damage depth at 3 mm/s is greater than one third of the average damage depth at 1 mm/s. In particular, when the speed is increased from 2 mm/s to 3 mm/s, the average damage depth is remarkably less sensitive to changes in speed. This means that increasing the speed of movement improves the efficiency of material destruction. The specific clinical application requires a short operation time, low water consumption, and low risk of cross-infection, which is consistent with previously reported work [21] - [23] .
The limitations of this study include the fact that the clamping force during clinical application was not simulated. Applying a clamping force will change the breaking force threshold of the sample and also affect the separation efficiency, however, reported research [24] shows that the influence of clamping force on the threshold of fracture force is clear, that is to say, the presence or absence of clamping force exerts no influence on the trend and conclusion reflected by this study. The influence of clamping force on separation efficiency will be analysed in future work. In addition, the trend of separation efficiency needs to be verified in soft tissue samples other than the liver.
VI. CONCLUSION
The destructive response behaviours of a certain concentration of gelatin samples and porcine liver tissue under some high-speed waterjet impact conditions are consistent. The difference under partial impact conditions is mainly attributed to the difference and anisotropy of gelatin material as a pure material. It is necessary to study gelatin-based composite biomimetic materials to compensate for the differences in mechanical properties of biological tissues.
Affected by the amount of deformation, the actual impact distance of soft tissue during the impact process is often much smaller than the initial impact distance. For porcine liver samples, the deformation characteristics determine that the actual impact distance can only be maintained when the impact distance is larger than 7mm. Gelatin bulges during high-speed waterjet impact, so the actual impact distance should be considered to compensate for this difference.
Gelatin samples and most porcine liver samples exhibit greater sensitivity to separation pressure over a specified pressure interval, indicating that different material properties correspond to different optimal pressure separation intervals. This will provide a reference for refining the control of medical waterjet hydraulic power and improving the clinical application of waterjet separation technology. 
